Introduction
CRISPR (clustered, regularly interspaced, short, palindromic repeats)/ Cas (CRISPR-associated) systems are a unique prokaryotic defense against foreign genetic elements, such as those from bacteriophages or plasmids [1] .
Functionally, CRISPR/Cas systems act as RNA-directed endonuclease complexes that are capable of targeting foreign nucleic acids in a sequencespecific fashion. Each individual system consists of a CRISPR array (crRNA array) composed of unique spacer sequences (21-72 base pairs [bp] ) flanked by short (23-47 bp) , repetitive and sometimes palindromic repeat sequences, as well as groups of conserved Cas proteins encoded adjacent to the crRNA array [2] . Following transcription, the crRNA array is processed into individual CRISPR RNAs (crRNA) containing a spacer and a partial repeat. The spacers hybridize to complementary nucleic acid targets, triggering their degradation by Cas proteins [1] . A distinguishing feature of CRISPR/Cas systems compared to other sequence specific bacterial defenses, such as restriction modification systems, is that CRISPR/Cas systems are adaptive. Specific Cas proteins recognize foreign genetic elements and integrate their DNA as new spacer sequences into the crRNA array, ultimately allowing the bacteria to adapt and subsequently target these foreign elements [3] .
Type II CRISPR/Cas systems are generally regarded as the simplest of the three known types, requiring only a single Cas protein, Cas9, for crRNA maturation and nucleic acid targeting and cleavage [4] . As the crRNA array is transcribed, a unique small RNA, termed trans-activating CRISPR RNA (tracrRNA), hybridizes to the repeat sequences, creating a double stranded RNA structure [4] . This complex is recognized and cleaved by RNase III, maturing the crRNA array into numerous small targeting crRNAs [4] . tracrRNA and the individual crRNAs are associated with Cas9, and upon hybridization of the crRNA with its complementary target (30 bp length and 100% identity), two endonuclease domains of Cas9 each mediate cleavage of a strand of the targeted DNA [5] . This provides the prokaryotic cell with a sequence specific and adaptable mechanism for the cleavage of foreign DNA.
Cas9 as a programmable DNA targeting platform
Due to its specificity, coupled with the short sequence requirements for Cas9: crRNA targeting, it was hypothesized that Cas9 could be programmed to target and cleave any gene of interest within the bacterial cell. In fact, work by Jinek et al. [5] clearly demonstrated that introduction of a synthetic crRNA sequence capable of hybridizing to the DNA of a gene of interest, allows Cas9 to cleave that region. Targeting and subsequent cleavage requires a short (3-9 bp) sequence motif directly adjacent to the hybridized region, termed the Proto-spacer Adjacent Motif, or PAM, which is a necessary prerequisite for the Cas9:dual RNA complex to recognize the target sequence and prevent self-targeting.
Perhaps most importantly, the requirement for tracrRNA-mediated maturation could be abrogated when a synthetic double-stranded targeting RNA (a guide RNA or gRNA) was engineered (Fig. 1A) [5] . This specific RNA combines the targeting features of the crRNA with the dsRNA structure formed by the tracrRNA:crRNA complex, allowing this single RNA to fulfill the requirements of both small RNAs (sRNA) [5] . This development increases the portability of the Cas9 system between both prokaryotic and eukaryotic models, by simplifying the components needed to initiate cleavage of targets by Cas9 (e.g. there is no longer a need for an accessory RNA [tracrRNA], nor the need for RNase III to mature the crRNA:tracrRNA complex) [5] .
These advances paved the way for multiple groups to port the Cas9 system into a number of different experimental models. To date, Cas9 genome editing has been successfully performed in bacterial cells, yeast, plants, nematodes, fruitflies, zebrafish, rodents, and human cells (both transformed cell lines and embryonic stem cells), solidifying its use as a convenient tool to site-specifically edit the genomes of multiple species [5] [6] [7] [8] [9] [10] [11] [12] [13] . Editing by Cas9 can occur in one of two ways (Fig. 1A) . When both strands of the DNA target are cleaved by Cas9, the cell can undergo non-homologous end joining (NHEJ) to repair this double strand break. NHEJ often results in the loss or addition of nucleotides, causing frameshift mutations or early stop codons and ultimately, the loss of function of the targeted gene (Fig. 1A) [12, 14] . Alternatively, following the cleavage of DNA, a donor construct containing a selectable (or non-selectable) marker flanked by sequences adjacent to the cleavage site can be introduced. This donor construct acts as a template for homology-directed repair (HDR) and results in the insertion of the marker into the targeted site (Fig. 1A) [12, 14] .
In order to decrease the frequency of NHEJ and subsequently increase the relative frequency of HDR, a specific Cas9 point mutant was engineered [12, 14] . Generation of a single point mutant in the active site of one of the two critical Cas9 endonuclease domains (RuvC-I) renders Cas9 unable to create double strand breaks [5] . Rather, the remaining intact endonuclease domain cleaves only one targeted strand, resulting in nicked DNA [5] . In the presence of a donor construct, these nicks are preferentially repaired by HDR. Use of this form of Cas9 significantly increases the frequency of marked mutations [12, 14] . Together, these recent developments have increased the ease of generating site-specific mutations in many organisms, and enhanced the ability to do so in systems that have been recalcitrant to genetic manipulation, hence opening numerous avenues for genetic research.
Engineering Cas9 to control transcription
While the aforementioned applications of Cas9 allow manipulation of genomic content, there are cases in which gene disruption is not necessarily possible or desirable. Instead, altering the expression of the gene (or multiple genes) of interest could provide more useful information, without permanently altering the cell's genome. Because the ability of Cas9 to associate with targeted DNA does not depend on its endonuclease activities, an engineered Cas9 mutant that cannot cleave DNA can be employed [15, 16] . Termed dCas9, this protein completely lacks catalytic activity against DNA, due to a point mutation within each of its critical endonuclease domains (both RuvC-I and HNH) [5, 15, 16] . When guided to the target DNA by a gRNA, dCas9 binds, but does not cleave the target and instead prevents transcription by blocking RNA polymerase binding or elongation (Fig. 1B) [15, 16] . By guiding dCas9 to different locations along the gene sequence, or by targeting multiple sites within the same gene simultaneously, dCas9 can be used to modulate the level of repression [15, 16] . Thus, Cas9 has the capability to not only edit genomes, but also to act as a transcriptional repressor.
The ability of dCas9 to site specifically bind DNA without causing cleavage can be exploited even further. dCas9 can be tethered to a transcriptional activator, such as the omega subunit of RNA polymerase within a bacterial system or VP64 in a mammalian system [16] [17] [18] [19] . Utilizing a gRNA to program the dCas9-activator fusions to a region upstream of the transcriptional promoter, these systems can successfully recruit RNA polymerase resulting in an increase in transcription of the gene of interest (Fig. 1C) . Similar to the ability of dCas9 to repress expression, this transcriptional activation can be modulated and tuned to differentially express a specific gene [16] [17] [18] [19] . The ability to control both activation and repression of genes of interest with Cas9 allows a number of experimental systems to be probed. For instance, bacterial systems currently rely on inducible and repressible promoters, requiring both the introduction of a new promoter to the gene of interest, and subsequently the addition of a small molecule. The dCas9-activation or repression systems would successfully bypass many of these steps and allow experimental questions to be addressed more quickly and in both prokaryotic and eukaryotic systems that currently lack controllable expression systems.
Can Cas9 interact with RNA targets?
Cas9 targeting of DNA has been exploited to allow genome editing and transcriptional repression and activation. While extremely useful, targeting of DNA alone has some potential pitfalls. For instance, in a eukaryotic system, repression of one transcript may result in the loss of multiple splice variants, when targeting of only one is warranted. Alternatively, binding of Cas9 to DNA may be inhibited by DNA structure or chromosomally bound proteins, preventing successful access to the targeted gene. It would therefore be a significant enhancement of Cas9 technology if differential targeting of either RNA or DNA targets could occur.
Recently, we demonstrated that the Cas9 endonuclease encoded by the bacterial pathogen Francisella novicida is involved in the repression of a specific transcript [20] . Our data suggest that F. novicida Cas9 (FnCas9) is guided to this mRNA by the tracrRNA and a novel small RNA termed scaRNA (small, CRISPR/Cas-associated RNA). Subsequently, the Cas9:scaRNA:tracrRNA: mRNA interaction results in decreased mRNA stability and low levels of expression of the target ( Fig. 2A) [20] . It is therefore tempting to speculate that FnCas9, and possibly other Cas9s, may facilitate programmable RNA targeting (Fig. 2B) . Furthermore, the FnCas9 system likely represents a tool that can be harnessed to understand both the structural and sequence requirements that determine how Cas9 can preferentially target RNA or DNA.
Many questions remain regarding how FnCas9 is capable of targeting RNA. This property may be dictated by the FnCas9 protein itself. While it contains all the predicted endonuclease motifs present in other Cas9 proteins [20, 21] , none of the most conserved residues in these regions are required for its ability to target mRNA [20] . Instead, only a single domain, an arginine-rich motif (ARM) has been identified as important for mRNA targeting by Cas9 [20] . While the endonuclease motifs and ARM are highly conserved between all Cas9 species, regions of significant dissimilarity do exist [21] . This may suggest that FnCas9 has unique domains, not identified in other Cas9 proteins, which allow interaction with RNA targets. Alternatively, FnCas9 may simply act as a scaffold, allowing a dsRNA structure to form between the tracrRNA and the targeted mRNA, resulting in degradation of the target by endogenous RNases, which detect and cleave dsRNA ( Fig. 2A) . Another intriguing possibility is that rather than being dictated by FnCas9 per se, targeting of RNA is mediated by nonidentity interactions between the guiding RNA and the target. This process could require short regions of identity interspersed by regions of dissimilarity, as we predict to occur between tracrRNA and its targeted mRNA in F. novicida [20] . Alternatively, RNA targeting may simply require a longer sequence interaction, rather than the short, 20 base interactions between a gRNA and its DNA target.
By understanding these interactions, there exists the potential to program Currently, it is unknown if FnCas9 can be reprogrammed to target diverse RNAs, or if it is capable of functioning in the eukaryotic cytosol. Similarly, a distinct CRISPR/Cas subtype (Type III) present in Pyrococcus furiosus has been demonstrated to target RNA substrates [22] . While this system requires a complex of six proteins (Cmr1, 3-6, and Cas10), it has been shown to utilize longer targeting RNAs, suggesting that it may have increased specificity compared to a Cas9-based system [22] . Development of these systems could provide benefits over RNAi systems currently used in eukaryotic models. Namely, it would be hypothesized that FnCas9 or the P. furiosus Cmr complex would not rely on any canonical RNAi host factors, such as Dicer or the components of the RISC complex, allowing their efficient use in model systems which may have intrinsic inhibition of RNAi. Therefore, the exploitation and engineering of FnCas9, or other RNA-targeting CRISPR/Cas systems, as programmable RNA-directed RNA targeting systems would likely be beneficial experimental tools in the study of numerous biological systems.
Caveats of Cas9 technologies
While the use of Cas9 as an efficient tool in the study of a wide array of organisms has been clearly demonstrated, there are caveats that must be further clarified in order to maximize its functionality. Firstly, while Cas9 is directed to its binding site by a gRNA with near 100% identity to the target, off-target effects do occur, specifically at sequences lacking identity in the 5 0 region of the gRNA [17, [23] [24] [25] . This means that during targeting there may be unforeseen pleiotropic effects that confound the conclusions of experiments.
In order to combat non-target interactions, numerous strategies could be used. Creating gRNA secondary structures that inhibit non-target interactions, altering the length of the gRNA, or utilizing paired nickases to create off-set dsDNA breaks, all decrease the amount of off-target effects [17, [23] [24] [25] [26] . Alternatively, understanding the protein structure requirements of Cas9 recognition of the PAM to initiate cleavage may allow Cas9 proteins to be engineered with more stringent specificity. In fact, the PAM for the Cas9 protein from Neisseria meningitidis (NmCas9) was recently described. Its 5 0 -NNNNGATT-3 0 sequence as well as the PAM required for targeting by Cas9 from Streptococcus thermophilus (5 0 -NNAGAAW-3 0 ) are both more stringent than that required by Streptococcus pyogenes Cas9 (5 0 -NGG-3 0 ), which is currently the most commonly used for biotechnological applications [5, 13, 27] . Cas9 proteins with more stringent PAMs may result in fewer off-target effects, since cleavage requires the presence of a less frequent sequence. Comparisons between various Cas9 systems may permit the elucidation of the requirements for PAM recognition, allowing even more specific Cas9 proteins to be engineered.
Conclusions and outlook
Despite the caveats discussed above, Cas9 represents one of the most significant advances in genome engineering technologies. By exploiting this intricate genetic targeting system from prokaryotes, we are now able to quickly edit or modulate genomes, including those that have until now remained refractory to such interventions. In fact, such engineering technologies have recently been multiplexed to allow genome editing, and transcriptional activation and repression within the same cell, utilizing Cas9 orthologs from different species [28] . Furthermore, the observation that FnCas9 may act to directly target RNA opens new avenues of RNA interference that have not yet been fully appreciated. Perhaps most excitingly, the continued development of the Cas9 targeting systems may provide the foundation for their future use in gene therapy. By delivering Cas9 and specific gRNAs and donor constructs, this system may be used to introduce or remove genetic information in order to treat various genetic disorders. Future comparisons of the activity of Cas9 proteins from diverse species will certainly reveal how these proteins can be engineered to Additionally, other types of CRISPR/ Cas systems may also prove useful as tools to target and alter specific sequences. Other than the RNA targeting P. furiosus Type III system, DNA targeting by Type I or Type III CRISPR/Cas systems utilizes a complex of nucleases distinct from Cas9 of Type II systems. While engineering these systems may be slightly more complicated since they require multiple protein components, these CRISPR/Cas variants may have benefits compared to Cas9 systems due to the potential for different tolerances for mis-matches in the target sequence, length requirements of the targeting RNA, and the specificity of cleavage. Ultimately, such engineering of not only Cas9 systems, but other CRISPR/Cas types as well, will maximize the utility and versatility of these prokaryoticderived restriction systems as experimental tools and therapeutics.
